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Senseable City Laboratory
Massachusetts Institute of Technology
Cambridge, MA, USA
{moras, amina, bensont, fduarte, ratti}@mit.edu
Abstract—Drive-by sensing has the potential to provide hyperlocal data to study a number of urban phenomena and deliver
actionable insights for public good. Yet drive-by deployments
are often characterized by small fleets, huge costs and lack of
flexibility to adapt to a city’s multiple sensing needs. The City
Scanner project aims to accelerate the development of driveby sensing by turning everyday vehicles into sensing nodes. In
this paper we present Greta II, a solar-powered sensing platform
that allows for low-cost continuous data collection and streaming
of multiple phenomena. Thanks to a modular design it can be
customized with off-the-shelf sensors and re-used across different
deployments. Greta II can be easily built and deployed without
disrupting a vehicle’s normal operation. The platform has been
validated during test deployments in two large American cities
to collect air quality data. Drawing on our experience building
and deploying Greta II we discuss challenges to be solved for
enabling large-scale drive-by sensing.
Index Terms—Smart City, Drive-By, Sensing, Platform, Internet of Things, IoT.

I. I NTRODUCTION

V

ehicular-based sensing, drive-by for short, emerged a
decade ago as a technological paradigm to enable assembling highly-granular space/time datasets of urban phenomena.
Although it has been popularized by applications for street
view imaging, e.g. [1]; drive-by approaches are nowadays used
to sense a wide range of phenomena including air pollution,
natural gas leaks, road lighting, street surface quality, energy
efficiency of building envelopes, traffic congestion and crowd
flows. Data collected can be used in a variety of applications
and has implications for environmental monitoring, policy
making and governance. By relaying on sensors mounted on
vehicles such as cars, buses and bikes, drive-by sensing can
provide a more cost-efficient solution compared to stationary
sensors or remote sensing via planes and satellites.
Most drive-by data collection experiments require a constant
flow of data sampled at high spatial and time frequency. A
number of urban phenomena have hyper-local nature and are
characterized by high volatility. For example, air pollution can
vary by a factor of 8x within small neighbourhoods such as
city blocks [2]. To add, due to technical limitations, sensors
that are mounted on vehicles might be less accurate than the
ones that can be deployed on the ground stations. Multiple and
redundant readings can help with the reduction of data biases.

Despite the need for collecting large datasets, most of driveby sensing experiments rely on a small fleet of vehicles and
suffer from the following two challenges.
First, most experiments rely on especially-purposed vehicles, retrofitted with sensors, and driven on specific routes by
dedicated drivers with the primary aim of collecting data. Such
approaches can be hardly scaled up to the required sensing
needs due to human-time and cost factors. To add, a sensing
fleet big enough to sufficiently describe certain phenomena
would significantly contribute to city traffic.
Second, although advances in low-cost sensors and IoT
platforms can accelerate the devices development; most of
drive-by sensing platforms are still difficult to deploy, require
modification on the hosting vehicle, are hard to customize to
multiple sensing needs and to manufacture on a large scale.
The City Scanner project1 aims at developing a sensing
platform to enable large scale drive-by deployments using
everyday urban vehicles as sensing nodes. The platform has
at its core an autonomous, solar-powered and modular device,
named Greta II, which latest design iteration and early evaluation is described in this paper.
Greta II does not pose any requirement on the hosting
vehicle, it can be easily attached and removed to everyday
vehicles, allowing to re-configure the sensing fleet easily and
on-demand. Further, because of its modular design, it can
be configured with a number of sensors including particulate
matter counters, accelerometers, thermal cameras and noise
meters. Captured data is streamed in real-time to cloud and
available for analysis and visualization via APIs.
We validated our platform during three data collection
experiments in two large American cities. We have collected
a total of 21,000 data-points including temperature, humidity
and air quality. By reflecting on our experience designing,
developing and deploying Greta II, and the challenges we
countered during deployments, we draw lessons learned and
implications for design of future drive-by platforms.
II. R ELATED WORKS
Over the last decade, several research works have adopted
the concept of vehicle-based sensing in urban environments.
1 http://senseable.mit.edu/cityscanner

This is a field also known as “urban sensing” [3]; and has the
goal of delivering actionable insights for public good.
Although drive-by sensing can be performed without deploying additional sensors, for example leveraging data from
sensors embedded in drivers’ smartphones [4] (e.g. GPS,
accelerometers, microphone) or available via the vehicle OBD
interface; to exploit a vehicle for environment sensing, supplementary sensing components are needed.
These solutions often make use of IoT architectures and
technologies, and have a lot in common with the broader
research field of Wireless Sensor Networks (WSNs) that tackle
technical challenges such as reducing energy consumption and
communication overheads [5], multi-agent cooperation and
task distribution [6] and delay bounds for sensitive tasks [7].
Research works have shown feasibility of using drive-by
sensors e.g. for monitoring street lighting infrastructure with
photo-transistors on top of vans [8], monitor air quality using
particulate matter and gaseous sensor on buses [9], trash trucks
[10], [11], cleaning vehicles [12] and cars [2], [13], surveying
road (surface) quality [14], analyzing thermal efficiency for
building envelopes [10]; and overall cyclist experience [15].
Yet, those works have developed sensing devices that are
custom-built and make use ad-hoc configurations that can
be hardly replicated by other researchers, both because of
technical complexity and use of proprietary hardware and
software solutions. They either connect to the power network
of hosting vehicles or use batteries that needs to replaced.
For some experiments, the collected data is downloaded at the
end of experiment and no network connectivity or real-time
data processing takes place. As a consequence, the prohibitive
cost and technical challenges of real field experiments with
hundreds or thousands of instrumented vehicles, often causes
researchers to fall back on simulation modes and tools [16].
III. L ARGE - SCALE DRIVE - BY SENSING
According with our literature review and our experience
designing, building and deploying drive-by systems [10], [17];
we identified three limitations in present drive-by sensing
works that hinder large-scale deployments:
• Adaptation of the hosting vehicle is required, e.g. to
fasten sensors on the roof or wire them to the vehicle
electrical system. Depending on the type of devices,
specific vehicles and dedicated drivers might be required.
Vehicles’ alterations might be permanent.
• Drive-by systems are often designed for single-purpose
data collection. Furthermore, once the sensing device is
finalized, no alteration or customization’s are permitted or
replacement of sensors with different ones are allowed.
This doesn’t allow reuse of a sensing fleet for different
data collection purposes or for multi-purpose sensing.
• Drive-by systems are often ad-hoc solutions that cannot
be replicated and built on a large scale. This is due both to
the prototyping process stopping at an early stage and the
use of proprietary or expensive technologies and tools.
For these reasons, most drive-by deployments are centered
on very few, non-reproducible data collection experiments that

Fig. 1. Greta II sensing node

make use of small fleets of vehicles. The data collected is
usually enough to validate the systems from a technical point
of view and study phenomena such as street surface quality
that have a rather non-volatile nature, but it can hardly be used
for broader applications such as environmental studies or for
policy making.
The aim of our work is to enable large scale drive-by
sensing. The City Scanner project [10] is developing a multipurpose platform that allows for capturing a wide range of
phenomena in order to identify multiple city features. The
platform has at its core a customizable sensing device, Greta
II, that allows for low-cost, autonomous and continuous data
collection of multiple phenomena. Our work builds on popular
technologies and tools and will be eventually released to
the public as open source. We expect that Greta II will
enable large-scale data collection experiments using fleets of
everyday vehicles (e.g. buses, taxis, trains) as sensing nodes.
The following section describes Greta II’s latest development
iteration.
IV. G RETA II SENSING NODES
Greta II prototype is a self-contained cylindrical device
sized roughly 20cm in diameter and 2Kg in weight (Figure 1).
It is composed by a multi-layer hardware architecture enclosed
in 3D-printed shell made of black nylon. The printed parts
are 10x the strength of plastic by reinforcing chopped-carbon
nylon with continuous strands of fiberglass. The shell combines industrial quality with affordability. The base (visible in
white in Figure 1) was constructed in 0.6cm PLA to provide a

structural resilience in connecting between the shell, magnets
and potentially, multiple solar panels.
The device can be extended using off-the-shelf sensors and
supports multiple communication interfaces.
This prototype aims at showing feasibility of supporting
development of scalable, on-demand, sensing fleets; the design
goals that have guided the development of our prototype are
described in the following:
A. Simple deployment
Greta II poses little deployment requirements on the hosting
vehicle. The sensing node can be easily affixed to or removed
from the host vehicle. This can be done without requiring the
use of specialist tools, and without modification or interference
of the vehicles normal operation. This has been made possible
by addressing the main factors that limited deployment in
previous works: the way the sensors are secured to the vehicle
and the way in which they are powered.
First, Greta II is powered by solar energy by using
9W, monocrystalline photo-voltaic panels (PVs). Because the
amount of solar energy harvested largely vary according with
the location of a city and the route of the vehicle, Greta II
supports for tiling multiple PVs (each of them sized 21x16cm)
in order to satisfy the energy requirements of the device
(Figure 1). The support is provided by a physical mounting
structure that allows for secure tiling of PVs panels, a power
management circuitry and a rechargeable battery working as
a energy buffer. According to our early tests, two PVs are
sufficient to power the device all year long in cities with
similar solar irradiance values to New York City. Further
details are described later in the discussion section.
Second, Greta II makes use of high-quality rubber-coated
magnets as a momentary anchoring system. Because the
weight of each node can vary according with the type of
sensors used and the number of solar panels tiled together;
multiple magnets can be used in arrays, with each of them
developing a force of circa 200N. The rubber coating increases
friction and protect the mounting surface from being scratched.
Due to the type of magnets used, the strength of the binding
is not influenced by temperature.
B. Multi-purpose, customizable architecture
Greta II is a modular extensible architecture designed to
support a wide range of sensors, e.g. particle counters, gas
sensors, noise meters and thermal cameras. Greta II has at
its core an energy-efficient architecture that provides a set of
services to enable easy customization of the sensing capability
using off-the-shelf sensors.
Core services include:
• Data processing - a low-energy 32bit CPU manages
both background services (described below) and multiple
simultaneous data collection processes.
• Adaptive data streaming - a 3G modem allows for realtime data streaming. Older 2G networks are also supported. A software routine adapts the frequency of data

broadcasts according with user settings or battery stateof-charge; either providing real-time data or aggregating
data in larger chunks transmitted at lower rate, for energy
saving. An on-device 16GB flash memory is used as
data buffer and for backup purposes. Data is broadcasted
to a cloud back-end and made available to third-party
applications via dedicated APIs.
• Location awareness service - a 66 channels GPS chip
provides capability for geo-tagging of the data collected.
A 9-DoF IMU sensor provides additional precision, detecting vehicle’s start & stop and orientation, allowing to
put the GPS in standby mode whenever not moving.
• Power management service - provide reliable energy
supply to the core components and plugged sensors
devices, harvesting energy from the connected photovoltaic panel(s). Due to the high variance of solar energy
production, a Li-Po battery is used as energy buffer. The
system is complemented by a circuit for battery charge
management, state of charge estimation and energy consumption monitoring.
• Remote administration service - each sensing node can be
remotely administered. Firmware updates can be pushed
to the device over the air. Telemetry data including
battery health and charge, location and device logs can
be reviewed via a web dashboard.
Sensors can be connected to the core module via hardware
interfaces supporting the popular protocols SPI, I2 C and TTL.
Although the three interfaces can be used simultaneously, the
number of sensors that can be plugged to the device might be
limited by their physical size (need to fit in the node enclosure)
and energy requirement.
The firmware running on the device is written in C and
makes use of FreeRTOS2 and the Particle Device OS3 . Further
implementation details together with instructions for customizing the platform will be addressed in a future publication.
C. Low-cost, simple manufacturing
Greta II makes use of low-cost, off-the-shelf components.
Hardware schematics, bill of components, firmware and shell
construction files will be made available under an opensource license in the near future. Greta II motherboard can
be produced with desktop milling machines or ordered via
online PCB services. Manual assembly can be done with
basic soldering skills. Electronic parts adopted are available
via several e-tailers. The shell can be produced with desktop
3D printers. The overall cost for producing one Greta II is
circa USD500, plus the cost for the sensors.
V. T EST DEPLOYMENTS
Greta II has been evaluated during three test deployments.
The first experiment lasted for about three hours and took
place in Boston, MA during November 2018. The second and
third experiments took place in New York City in December
2 Free

RTOS - https://aws.amazon.com/freertos/
OS - https://www.particle.io/device-os/

3 Device

Fig. 2. Greta II prototypes during a test deployment in New York City

2018 and lasted for about six hours each. The primary goal of
these tests was to evaluate the prototype’s deployment process
for reliability by collecting telemetry data and observations
from the researchers on-site. As secondary goal, we aimed at
evaluating feasibility of collecting air quality data, specifically
particulate matter concentrations (PM2.5), temperature and
humidity. Hyperlocal air quality mappings is one of the most
common drive-by sensing use case, as demonstrated by [9]–
[13]
A. Procedure
During the first experiment one Greta II node has been
equipped with a set of sensors to monitor air quality, including
an Alphasense OPC-N2 particulate counter wired on the SPI
interface and a Bosch BME280 temperature and humidity
sensor on the I2C link. An external active GPS antenna
was also adopted to ensure high reliability of the location
awareness service. During the second and third experiment
an additional device had been built and deployed together
with the first one (the two prototypes are visible in Figure 2).
Although the additional prototype included the same set of
sensors, and looked identical to the first one, it was equipped
with an additional PMS5003 particulate counter wired on the
TTL interface. The addition of a third sensor was meant to
stress-test the device with the 3 sensor interfaces collecting
data simultaneously. On the contrary, no external GPS antenna
had been provided, in order to evaluate difference in location
precision between the two devices. Both prototypes were
equipped with one solar panel.
The prototypes were configured to sample and log data
to the flash memory with a 1Hz frequency. In addition,
during the second and third experiment data was broadcasted
every 60 seconds to a cloud back-end. Besides capturing
time, location, air quality (PM2.5) and weather (temperature
and humidity) data, the device was also configured to log a
number of telemetry features including PV voltage and current
production, system’s voltage and current draw, GPS accuracy
and data streaming status.
The Greta II prototypes were deployed on two rental cars
driven in turns by three researchers. Predefined test routes
were prepared to touch different urban districts including

residential neighborhoods, downtown areas and highways. The
routes were also designed to cross fixed air quality monitoring
stations in order to provide reference values to be used as
ground truth for the evaluation of air quality data.
B. Results
During each test, deployment of the device on the roof of the
car and successive removal had been effortless. The magnetic
binding performed well and kept the device securely in place.
The bending properties of the PLA base of Greta II allowed
for the bottom of the device to adapt to the car roof curvature,
ensuring a correct alignment of the rubber-coated magnets (as
visible in Figure 2).
The two prototype’s test performed as expected and collected a total of circa 21,000 data-points.
Telemetry data reveal insights on the device operation.
Regarding the accuracy of the location awareness service
(Section IV-B), during the last experiment, data shows a
median error of 2.1 meters (SD 0.6 meters) for the prototype
with external GPS antenna. This allowed for geo-tagging data
at a street-level granularity. Instead, the prototype equipped
with internal antenna was affected by a median error of 2.9
meter (SD 26.3 meters). The other two experiments show
similar results. The high standard deviation in the prototype
equipped with internal antenna can be motivated by the device
loosing track of a reliable GPS fix while driving in the street
canyons; making therefore not possible to geo-tag datapoints
with a sufficient precision for the purpose of this study.
Both prototypes never lost connection to the cellular network. This is not a surprising result due to the highly urbanized
areas chosen for the experiments.
Figure 3 compares the energy (current) produced by the
solar panel and consumed by the system selecting 3-hours
windows from two experiments. The first section relates to
the Boston experiment, which took place with cloudy weather,
average temperature of 10 degree Celsius and 40% humidity.
Boston is characterized by Global Horizonal Irradiance (GHI)4
of 3.84kWh/m2/day. The other selection refers to the second
4 GHI represent both direct and diffused solar radiation received on a surface
that is always on a horizontal plane.

Fig. 3. Measured current produced (green) and consumed (red) during the first and third data collection experiment. Overcasts with periods of sun on the
left, snow on the right.

NYC experiment wich took place in snowy weather, average
temperature of 6.5 degree Celsius and 60% humidity. NYC’s
GHI is 3.93kWh/m2/day. Although the two tests took place
in cities with very similar solar irradiance and both in the
winter season, they represent in turn the best and worst weather
condition under which our experiments took place.
Average current consumed was 260mA in both tests. This is
in line with technical specification of the electronic component
used, which show a 200mA consumption for the OPC-N2
particulate counter, 80mA for the CPU, 40mA for the GPS
and 20-2000mA (peak current) for the 3G modem.
Average current produced by the PV was circa 170mA for
the first experiment and 40mA for the second experiment.
Because in both experiments the current produced was lower
than the nominal requirement, the node’s battery supplied extra
current to match energy requirements for correct functioning.
As a consequence, in order to work continuously under the
weather condition under which the experiments took place,
the sensing nodes should have been equipped with extra solar
panels.
Air quality data from the two cities are currently analyzed to
identify location of potential pollution hotspots and understand
the feasibility of using particulate counter sensors for driveby. We are in the process of acquiring data from stationary
sensors along the route to be used for validation. Findings
will be reported in a upcoming publication.
VI. D ISCUSSION
A number of challenges emerged from our test deployments.
Using air quality sensors required to change the outer shell
of Greta II in order to allow a constant flow of air through
the device and required a new approach for waterproofing
the system. Other sensors, e.g. thermal cameras have strict
restriction on the orientation in space of camera lenses; other
sensors might have strict energy requirements. The physical
and hardware characteristics of sensors deeply impacts on the
design of the sensing platform. To make a truly customizable,
multi-purpose platform, modularity has to be considered from
hardware, software and physical design perspectives.

Our analysis of the energy balance of the system shows that
average current used by the system was between two times
and seven times the energy produced by the system’s PV. As a
consequence, to work autonomously, the sensing nodes should
be equipped with at least two PVs in the first case and seven in
the second case. On the other side, under direct sunlight, the
PV delivered a peak current between two times and four times
the demand of the system. This is visible in Figure 3-left with
the spikes in green corresponding with periods of clear sky.
This is an interesting result considering that the experiment has
been performed in the months with the lowest solar irradiance
of the year and under poor -but not severe- weather. We could
speculate that during summer, with clear sky and long day
hours, one PV could supply more than four times the energy
required of the system. In this case, the sensing node should
be equipped with a large capacity battery in order to store the
extra electrical charge to be used during overcast days or even
up to several winter weeks; comporting a trade-off between
system autonomy versus cost, weight and size. Weather is not
the only parameter affecting energy production. Location of
deployment and time of the year, also are important factors; yet
they can be easily estimated. Instead, the route of the vehicle
could heavily affect the amount of solar irradiance received
by the PV. Other effective factors include specific properties
of street canopy, urban canyons or travel time under bridges
or in tunnels. This factor is hard to estimate, especially for
unscheduled vehicles such as taxis. Finally temperature below
freezing point and over 40 degree Celsius deplete efficiency
of PVs as well as batteries.
In short, although the system’s power consumption is influenced by the type of sensor plugged into the sensing node,
its energy requirement is very constant and can be reasonably
estimated from components specifications. On the other hand,
energy produced by solar is affected by a number of external
parameters which are challenging to estimate. Further work is
required in order to develop a model to estimate the amount
of energy that can be produced by one sensing node, give the
factors mentioned above.

VII. C ONCLUSION AND FUTURE WORK
In this paper we have identified factors that limit current
drive-by sensing efforts. We presented Greta II sensing node
platform, part of the City Scanner project, that thanks to its
high customizability and easy deployment procedure has the
potential of turning everyday vehicles into sensors; enabling
for large-scale deployments. We have shown feasibility of
using Greta II for collecting air quality data and highlighted
challenges that need to be tackled to ensure scalability and
continuous, autonomous operations of our platform.
Future work points at multiple directions. We aim at testing
Greta II with different sensors, e.g. thermal cameras, noise
meters and to arrange test deployments in multiple cities characterized by different environmental and spatial conditions. We
are also working on a new hardware that allows for automated
manufacturing of the sensing nodes, to lower production costs
and time. We are working towards developing a model to
predict the solar energy that can be produced by the sensing
node. Finally, we plan to provide APIs with more support
for building data analytic apps and an interactive visualization
dashboard fed by City Scanner data. We plan to release
Greta II’s hardware schematics, firmware and construction files
under a open source license in the coming weeks.
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